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EFFECTIVE SEPARATION TECHNIQUE FOR 

SMALL DIAMETER WHISKERS 

by Leona rd  J. W e s t f a l l  

Lewis  Resea rch  C e n t e r  

ABSTRACT 

Alumina w h i s k e r s  a r e  h i g h l y  d e s i r a b l e  r e i n f o r c e m e n t  f i b e r s  
f o r  compos i t e  m a t e r i a l s .  However, w h i s k e r s  o f  l o n g  l e n g t h  a n d  
h i g h  s t r e n g t h  must b e  s e p a r a t e d  f r o m  t h e  t a n g l e d  m a t t  i n  which 
t h e y  a r e  grown t o  p e r m i t  f a b r i c a t i o n  o f  s t r o n g  c o m p o s i t e s .  

A s u c c e s s f u l  method f o r  s e p a r a t i n g  s m a l l  d i a m e t e r  w h i s k e r s  
f rom as-grown m a t t  h a s  been  d e v e l o p e d .  F i f t y  p e r c e n t  b y  volume 
o f  t h e  s e p a r a t e d  w h i s k e r s  had an L/D r a t i o  o f  300 qr g r e a t e r .  
Room t e m p e r a t u r e  $ e n s i l e  s t r e n g t h s  o f  540,000 N/cm (783,000 p s i )  
t o  1 , 1 7 5 , 0 0 0  N/cm (1 ,704 ,000  p s i )  were  measured f o r  s e p a r a t e d  
w h i s k e r s .  The s e p a r a t i o n  p r o c e s s  produced  48 p e r c e n t  u s e f u l  
w h i s k e r s .  



EFFECTIVE SEPARATION TECHNIQUE FOR 

SMALL DIAMETER WHISKERS 

by Leonard  J. W e s t f a l l  

Lewis  R e s e a r c h  C e n t e r  

SUMMARY 

T h i s  i n v e s t i g a t i o n  was c o n d u c t e d  t o  d e v e l o p  a  p r o c e s s  to 
s e p a r a t e  s ~ . , a l l  c r o s s  s e c t i o n ,  s t r o n g  w h i s k e r s  f rom t h e i r  m a t t  
f o r m s  w h i l e  r e t a i n i n g  maximum w h i s k e r  l e n g t h  and m i n i m i z i n g  
s u r f a c e  damage. Sma l l  s a m p l e s  o f  A1203 w h i s k e r s ,  0 .03  gms 
e a c h ,  were  s e p a r a t e d  f rom t h e  as-grown m a t t  by  a g i t a t i o n  i n  a n  
a q u e o u s  s o l u t i o n .  The s e p a r a t e d  w h i s k e r s  were  c l a s s i f i e d  by 
l e n g t h  u s i n g  a  s e r i e s  o f  f i n e  w i r e  s i e v e s .  The w e i g h t  of 
w h i s k e r s  s e p a r a t e d  f rom e a c h  m a t t  s ample  was d e t e r m i n e d  f o r  a 
r a n g e  o f  a g i t a t i o n  t i m e s .  An a v e r a g e  o f  48 p e r c e n t  o f  t h e  or l ig-  
i n a l  w e i g h t  o f  w h i s k e r  m a t t  was s e p a r a t e d  by  t h e  p r o c e s s  
d e v e l o p e d .  

The s e p a r a t i o n  p r o c e s s  e f f e c t i v e l y  min imized  s u r f a c e  
damage t o  w h i s k e r s ,  a s  i n d i c a t e d  by  t h e  s i m i l a r  t e n s i l e  s t r e n g t h  
v a l u e s  o f  t h e  as-grown and  s e p a r a f - ~ d  w h i s k e r s .  The room t emper -  
a t u r ?  t e n s i l e  s t r e n g t h  o f  s e p a r a t e d  w  i s k e r s  v a r i e d  f rom 540,000 '2 N/cm (783,000 p s i )  t o  1 , 1 7 5 , 0 0 0  N/cm (1 ,704 ,000  p s i )  d e p e n d i n g  
on t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  w h i s k e r s .  These  t e n s i l e  
v a l u e s  were  w e l l  w i t h i n  t h e  s c a t t e r  band f o r  t h e  s t r e n g t h  of t h e  
as-grown w h i s k e r s  which s u g g e s t e d  t h a t  l i t t l e  o r  no  damage 
o c c u r r e d  d u r i n g  s e p a r a t i o n .  It  was e s t i m a t e d  t h a t  o v e r  9 0  p e r -  
c e n t  of a l l  s e p a r a t e d  w h i s k e r s  i n  t h i s  s t u d y  had d i a m e t e r s  from 
0 .7  t o  2 .0  mic rons .  A  r e p r e s e n t a t i v e  l e n g t h - t o - d i a m e t e r  r a t i o  
of s e p a r a t e d  w h i s k e r s  was a p p r o x i m a t e l y  300.  M e t a l l o g r a p h i c  
e v i d e n c e  s u g g e s t e d  t h a t  d e f e c t s  r e s u l t i n g  f r o m  s i d e  g rowths  a r e  
i n h e r e n t  weak p o i n t s  i n  w h i s k e r s .  A  l o g i c a l  e x t e n s i o n  of t h e s e  
o b s e r v a t i o n s  is t h a t  g r e a t e r  e f f o r t s  t o  grow w h i s k e r s  f r e e  of 
s i d e  g r o w t h s  would advance  t h e  w h i s k e r  compos i t e  f i e l d .  

INTRODUCTION 

F i b e r  compos i t e  m a t e r i a l s  d e r i v e  most o f  t h e i r  s t r e n g t h  
f rom t h e  r e i n f o r c i n g  f i b e r s .  Whi ske r s  a r e  v e r y  s m a l l ,  s i n g l e  
c r y s t a l  f i b e r s  which have  d e m o n s t r a t e d  m e c h a n i c a l  p r o p e r t i e s  
a p p r o a c h i n g  t h e o r e t i c a l  v a l u e s .  The p o t e n t i a l  o f  t h e s e  f i b e r s  
is r e d u c e d  b y  t h e  d i f f i c u l t y  e n c o u n t e r e d  i n  u t i l i z i n g  them i n  
c o m p o s i t e s .  



Whiske r s  a r e  grown f r o m  a  s u b s t r a t e  and t e n d  t o  f o r m  t a n -  
g l e d  clumps o f  f i b e r s  which  a r e  r e f e r r e d  t o  a s  w h i s k e r  m a t t s .  
I n d i v i d u a l  w h i s k e r s  must b e  removed f r o m t h e  m a t t  t o  b e  u sed  
e f f e c t i v e l y .  S e p a r a t i o n  is e f f e c t e d  by i n t r o d u c i n g  f o r c e s  
l a r g e  enough t o  f r e e  d i s c r e t e  w h i s k e r s  f rom t h e  as-grown w h i s k e r  
m a t t s .  An e f f e c t i v e  w h i s k e r  s e p a r a t i o n  p r o c e s s  s h o u l d  p r e s e r v e  
t h e  l o n g  l e n g t h  and h i g h  s t r e n g t h  o f  as-grown w h i s k e r s .  

S e v e r a l  i n v e s t i g a t o r s  have  d e v i s e d  methods which s e p a r a t e  
w h i s k e r s  f r o m  t h e  as-grown m a t t .  R e f e r e n c e s  1 and 2  have  d e s -  
c r i b e d  t h e  s e p a r a t i o n  o f  m e t a l  c o a t e d  w h i s k e r s  by  t h e  u s e  o f  
a i r  j e t s .  T h i s  method r e s u l t s  i n  a  c o n s i d e r a b l e  amount of  
c o n t a c t  be tween  w h i s k e r s .  Numerous w h i s k e r  c o l l i s i o n s  encoun-  
t e r e d  i n  t h e  a i r  j e t  s e p a r a t i o n  p r o c e s s  would p r o b a b l y  damage 
t h e  s u r f a c e  o f  u n c o a t e d  w h i s k e r s .  The s e p a r a t i o n  o f  u n c o a t e d  
w h i s k e r s  w i t h  t h e  u s e  o f  a  f o o d  b l e n d e r  h a s  been  r e p o r t e d  i n  
r e f e r e n c e  3 .  M e t a l  powder and an amount o f  w h i s k e r  m a t t  were  
a g i t a t e d  i n  a  h i g h  s p e e d  f o o d  b l e n d e r .  T h i s  p r o c e s s  would t e n d  
t o  b r e a k  up w h i s k e r s  i n t o  v e r y  s h o r t  l e n g t h s  which would b e  
u n s u i t a b l e  f o r  h i g h  t e m p e r a t u r e  compos i t e  a p p l i c a t i o n s .  

T h i s  i n v e s t i g a t i o n  was c o n d u c t e d  t o  d e v e l o p  a  p r o c e s s  t o  
s e p a r a t e  s t r o n g ,  s m a l l  c r o s s  s e c t i o n  w h i s k e r s  f r o m  as-grown 
m a t t s  w h i l e  r e t a i n i n g  maximum w h i s k e r  l e n g t h  and m i n i m i z i n g  
s u r f a c e  damage. A1203 w h i s k e r s  were  s t u d i e d  i n  t h i s  program 
b e c a u s e  o f  t h e i r  h i g h  thermodynamic s t a b i l i t y  and h i g h  t empera -  
t u r e  m e c h a n i c a l  p r o p e r t i e s .  The w h i s k e r s  were  c l a s s i f i e d  
a c c o r d i n g  t c  w h i s k e r  l e n g t h .  Rooz t e m p e r a t u r e  t e n s i l e  t e s t s  
we re  per formed on as-grown and s e p a r a t e d  w h i s k e r s  t o  d e t e r m i n e  
t h e  e f f e c t  o f  s e p a r a t i o n  on w h i s k e r  s t r e n g t h .  L e n g t h - t o - d i a m e t e r  
measurements  were  per formed on - s e p a r a t e d  w h i s k e r s .  M e t a l l o -  
g r a p h i c  and s c a n n i n g  e l e c t r o n  m i c r o s c o p i c  s t u d i e s  were  perfornied 
on s e p a r a t e d  and u n s e p a r a t e d  w h i s k e r s  t o  r e l a t e  t h e  as-grown 
d e f e c t s  t o  t h e  e f f e c t i v e  l e n g t h  o f  s e p a r a t e d  w h i s k e r s .  

MATERIALS, APPARATUS AND PROCEDURES 

M a t e r i a l s  

One hundred  grams o f  A1203 w h i s k e r s  were  p u r c h a s e d  f rom a 
commerc ia l  s o u r c e  f o r  t h i s  i n v e s t i g a t i o n .  The s e l e c t i o n  o f  the 
s u p p l i e r  was made a f t e r  e v a l u a t i n g  w h i s k e r  m a t t s  o f  s e v e r a l  
commerc ia l  s o u r c e s .  The w h i s k e r  m a t t s  we re  examined f o r  w h i s k e r  
s i z e  and u n i f o r m i t y ,  t h e  amount o f  nonwhi ske r  d e b r i s  and t h e  
r e l a t i v e  amount o f  s i d e  g r o w t h s  o b s e r v e d  unde r  a  h i g h  power 
mic roscope .  The w h i s k e r s  s e l e c t e d  f o r  t h i s  s t u d y  a p p e a r e d  t o  
have  an a v e r a g e  d i a m e t e r  l e s s  t h a n  two m i c r o n s ,  



A p p a r a t u s  

The a p p a r a t u s  u sed  t o  s e p a r a t e  t h e  w h i s k e r s  f r o m  t h e  a s -  
grown m a t t  c o n s i s t s  o f  a  m a g n e t i c  s t i r r e r ,  s e v e r a l  250 m l  
E r l enmeye r  f l a s k s ,  and a  round 2  x  3 /8- inch  T e f l o n  c o a t e d  s p i n -  
b a r  c o n t a i n e d  i n  t h e  Er lenmeyer  f l a s k s .  

S t a n d a r d  w i r e  s i e v e s  were  u sed  t o  c l a s s i f y  t h e  s e p a r a t e d  
w h i s k e r s .  The s c r e e n  mesh s i z e s  o f  t h e  s i e v e s  were  1000 ,  707,, 
500,  298,  1 7 7 ,  and 1 2 5  mic rons .  

P r o c e d u r e  

S e p a r a t i o n  f rom m a t t  - The s e p a r a t i o n  p r o c e s s  deve loped  i n  t h i s  
program u t i l i z e d  t h e  f o l l o w i n g  p r o c e d u r e :  S m a l l  s a m p l e s ,  0 .03  
gm e a c h ,  t o r n  f rom randomly s e l e c t e d  w h i s k e r  m a t t s  were  s e p a r a t e d  
and c l a s s i f i e d  a s  d e s c r i b e d  below.  Each s m a l l  sample  o f  A12Q3 
w h i s k e r s  (0 .03  gms) was p l a c e d  i n  a  250 m l  E r l enmeye r  f l a s k  
c o n t a i n i n g  150  m l  of d e i o n i z e d  o r  d i s t i l l e d  w a t e r .  A s p i n  b a r  
was u sed  t o  s t i r  t h e  l i q u i d  f o r  v a r i o u s  t i m e s  f rom 2  t o  1 4  h o u r s .  
The s p i n  b a r  was r e v o l v e d  a t  200 t o  300 r e v o l u t i o n s  p e r  m i n u t e ,  
A f t e r  t h e  p r e s e l e c t e d  s t i r r i n g  time f o r  e a c h  sample  had e l a p s e d ,  
t h e  s e p a r a t e d  w h i s k e r s  were  c l a s s i f i e d  by p a s s i n g  t h e  s u s p e n s i o n  
o f  s e p a r a t e d  w h i s k e r s  t h r o u g h  a  s t a c k  of  f i l t e r i n g  s i e v e s .  The 
u n s e p a r a t e d  w h i s k e r  c lumps which c o l l e c t e d  on t h e  1000  micron  
mesh s c r e e n  were  weighed and t h e n  d i s c a r d e d .  The f i n e  d e b r i s  
which  pas sed  t h r o u g h  a l l  s c r e e n s  a l s o  were  d i s c a r d e d .  The s e p -  
a r a t e d  w h i s k e r s  c o l l e c t e d  on e a c h  s c r e e n  were  washed o f f  e a c h  
s c r e e n ,  f i l t e r e d ,  and weighed .  The w h i s k e r s  were  s e p a r a t e d  
f rom t h e  f i l t e r  p a p e r  by b u r n i n g  t h e  p a p e r  w i t h  a  g a s  f l a m e .  
The f i l t e r  p a p e r  had an a s h  r e s i d u e  o f  l e s s  t h a n  0 .00005 grns, 
which was c o n s i d e r e d  a  n e g l i g i b l e  w e i g h t .  The r e s i d u e  eon- 
s i s t e d  o f  t h e  a s h  and t h e  w h i s k e r s  i n  t h e  fo rm o f  a  l o o s e l y  
f e l t e d  m a t t .  

Leng th /d i ame te r  measurements  - The l e n g t h - t o - d i a m e t e r  r a t i o  o f  
s e p a r a t e d  w h i s k e r s  was d e t e r m i n e d  by t h e  f o l l o w i n g  t e c h n i q u e .  
Whi ske r s  c o l l e c t e d  on e a c h  of t h e  s c r e e n s ,  707 ,  500,  and 2 9 8  
micron  mesh, were  mixed i n  a  b e a k e r  o f  d e i o n i z e d  w a t e r .  Whisk- 
e r s  s e p a r a t e d  on t h e  177  and 1 2 5  micron  s c r e e n s  were  c o n s i d e r e d  
t o o  s m a l l ,  f rom m i c r o s c o p i c  e x a m i n a t i o n ,  and were  n o t  i n c l u d e d  
i n  t h e  b l e n d .  A s  was n o t e d ,  t h e  clumps c o l l e c t e d  on t h e  1000 
micron s c r e e n  were  d i s c a r d e d .  The w h i s k e r  s u s p e n s i o n  was ag i - .  
t a t e d  t o  produce  a  random w h i s k e r  d i s t r i b u t i o n .  Ten d r o p s  o f  
t h e  suspended  w h i s k e r  s o l u t i o n  were  p l a c e d  i n  a  t e s t  t u b e  and 
d i l u t e d  w i t h  50 m l  o f  d e i o n i z e d  w a t e r .  T h i s  suspended  w h i s k e r  
s o l u t i o n  was a g i t a t e d  t o  u n i f o r m l y  d i s t r i b u t e  t h e  w h i s k e r s .  
One d r o p  o f  t h i s  s u s p e n s i o n  was p l a c e d  on a  g l a s s  s l i d e  w i t h  a n  
eye  d r o p p e r .  The w a t e r  was e v a p o r a t e d  f r o m  t h e  s l i d e  l e a v i n g  a 



random s e l e c t i o n  o f  s e p a r a t e d  w h i s k e r s .  A l l  o f  t h e  w h i s k e r s  f r o m  
t h e  d r o p  were measured f o r  l e n g t h  and c r o s s - s e c t i o n a l  a r e a .  
Pho tomic rog raphs  were  t a k e n  o f  t h e  c r o s s - s e c t i o n  o f  w h i s k e r s  
w i t h  t h e  u s e  o f  a  650X mic roscope  and a  P o l a r o i d  camera a t t a c h -  
ment.  A l l  c r o s s - s e c t i o n a l  a r e a  measurements  were  d e t e r m i n e d  
f rom t h e s e  pho tog raphs .  The w h i s k e r s  were  e i t h e r  h e x a g o n a l  o r  
a p p r o x i m a t e l y  s q u a r e  i n  c r o s s  s e c t i o n .  The " e f f e c t i v e T T  d i a -  
me te r  o f  t h e  s q u a r e  w h i s k e r s  was t a k e n  a s  t h e  s q u a r e  r o o t  o f  
t h e  c r o s s - s e c t i o n a l  a r e a .  The h e x a g o n a l  w h i s k e r s  were  assume6 
t o  b e  c i r c u l a r  and t h e  d i a m e t e r  t a k e n  a s  t h e  d i a g o n a l  d imens ion .  
These  d a t a  were  u sed  t o  d e t e r m i n e  t h e  l e n g t h - t o - d i a m e t e r  of t h e  
s e p a r a t e d  w h i s k e r s .  

T e n s i l e  t e s t s  - U l t i m a t e  t e n s i l e  s t r e n g t h  d e t e r m i n a t i o n s  were 
made o f  i n d i v i d u a l  w h i s k e r s  a f t e r  s e p a r a t i o n  and classification, 
and f rom s e l e c t e d  w h i s k e r s  m e c h a n i c a l l y  p u l l e d  d i r e c t l y  f rom t h e  
as-grown w h i s k e r  m a t t .  A commerc ia l  w h i s k e r  t e s t e r ,  d e s c r i b e d  
i n  r e f e r e n c e  4 ,  was u s e d  f o r  t h e s e  t e s t s .  

M e t a l l o g r a p h y  - M e t a l l o g r a p h i c  e x a m i n a t i o n s  were  conduc ted  t o  
d e t e r m i n e  t h e  s u r f a c e  t o p o g r a p h y  o f  s e p a r a t e d  w h i s k e r s .  E l e e -  
t r o n  pho tomic rog raphs  and s c a n n i n g  e l e c t r o n  pho tomic rog raphs  
were  t a k e n  o f  s e p a r a t e d  w h i s k e r s  showing  some t y p i c a l  d e f e c t s ,  
s u c h  a s  s i d e  g rowths  and n o t c h e s  produced  by t h e  removal  of 
s i d e  g rowths .  

RESULTS AND DISCUSSION 

S e p a r a t i o n  P r o c e s s  

The a g i t a t i o n  o f  w h i s k e r  m a t t s  i n  aqueous  s u s p e n s i o n  
caused  s e p a r a t i o n  o f  t h e  i n d i v i d u a l  w h i s k e r s  f rom t h e  o r i g i n a l  
m a t t  fo rm.  However, p o r t i o n s  o f  t h e  w h i s k e r  m a t t  we re  n o t  
s e p a r a t e d  by  t h i s  p r o c e s s .  These  p o r t i o n s  were  composed p r i - -  
m a r i l y  o f  l a r g e  w h i s k e r s  o r  s e c t i o n s  o f  w h i s k e r  m a t t  t h a t  were  
t i g h t l y  bound t o g e t h e r .  F i g u r e  l ( a )  shows a  s m a l l  p o r t i o n  of 
m a t t  which was s e p a r a t e d  by  s i x  h o u r s  o f  s t i r r i n g  and f i g u r e  
l ( b )  shows clumps o f  w h i s k e r  m a t t  n o t  s e p a r a t e d .  

Weights  o f  w h i s k e r s  c o l l e c t e d  on t h e  1000 ,  298, and 125 
micron  s c r e e n s  were  p l o t t e d  a g a i n s t  a g i t a t i o n  t ime i n  f i g u r e s  
2 ,  3 ,  and 4 ,  The s c a t t e r  i n  d a t a  shown i n  f i g u r e s  2 ,  3 ,  and 4 
is  b e l i e v e d  t o  r e s u l t  f r o m  v a r i a t i o n s  i n  t h e  as-grown w h i s k e r  
m a t t s .  D e s p i t e  t h e  s c a t t e r ,  t h e s e  c u r v e s  show t r e n d s  i n  t h e  
s e p a r a t i o n  p r o c e s s .  

The q u a n t i t y  o f  u n s e p a r a t e d  s e c t i o n s  o f  w h i s k e r  m a t t  col- 
l e c t e d  on t h e  l a r g e s t  s i e v e ,  1000 m i c r o n s ,  was d e t e r m i n e d  and  
p l o t t e d  i n  f i g u r e  2. The w e i g h t  o f  u n s e p a r a t e d  w h i s k e r s  



d e c r e a s e d  s t e a d i l y  w i t h  i n c r e a s i n g  s t i r r i n g  t i m e .  The 7 0 7 ,  500, 
and 298 micron s c r e e n s  c o l l e c t e d  most o f  t h e  u s e f u l  w h i s k e r s ,  
F i g u r e  3 shows t h e  r e s u l t s  f o r  t h e  298 micron s c r e e n .  The 
t r e n d  shown h e r e  was g e n e r a l l y  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  -the 
707 and 500 micron s c r e e n s .  There  a p p e a r s  t o  b e  a  t r e n d  of 
i n c r e a s i n g  w e i g h t  w i t h  i n c r e a s i n g  a g i t a t i o n  t i m e  up t o  s i x  
h o u r s .  A t  l o n g e r  a g i t a t i o n  t i m e s ,  a d d i t i o n a l  f r a c t u r e  of t h e  
l o n g e r  w h i s k e r s  i n t o  s h o r t e r  l e n g t h s  r educed  t h e  we igh t  of 
w h i s k e r s  c o l l e c t e d  on t h i s  s c r e e n .  T h i s  d e c r e a s e  i n  whi ske r  
w e i g h t  ( a f t e r  s i x  hours )  c o i n c i d e s  w i t h  t h e  i n c r e a s e  i n  we igh t  
of  w h i s k e r s  c o l l e c t e d  on t h e  s m a l l e r  1 2 5  micron s c r e e n ,  f i g u r e  4, 
The we igh t  of w h i s k e r s  c o l l e c t e d  on t h e  s m a l l e r  s i e v e s  i n c r e a s e d  
a t  a  f a i r l y  uni form r a t e  f o r  t h e  e n t i r e  r ange  o f  a g i t i a t i o n  
t i m e s  s t u d i e d .  A l s o ,  t h e  amount of  d e b r i s  f rom t h e  o r i g i n a l  
matt,  which passed  t h r o u g h  a l l  s i e v e s ,  v i s i b l y  i n c r e a s e d  w i t h  
a g i t a t i o n  t i m e .  

It a p p e a r s  t h a t  t h e  f o r c e s  e x e r t e d  on t h e  i n d i v i d u a l  
w h i s k e r s ,  d u r i n g  a g i t a t i o n  i n  t h e  l i q u i d  media,  were s u f f i c i e n t  
t o  r educe  t h e  l e n g t h  of  t h e  l o n g e r  w h i s k e r s  a f t e r  a  p e r i o d  of  
s i x  h o u r s .  The i n c r e a s i n g  we igh t  of  t h e  low L/D w h i s k e r s ,  
shown i n  f i g u r e  4 ,  c o u l d  have  come f rom two s o u r c e s .  They 
c o u l d  have been p r e s e n t  i n  t h e  o r i g i n a l  m a t t  and passed  th rough  
a l l  l a r g e  s c r e e n s  a s  t h e y  were c l a s s i f i e d .  O r ,  t h e y  may havs  
been produced d u r i n g  t h e  s e p a r a t i o n  p r o c e s s  by f r a c t u r i n g  of 
some l o n g e r  w h i s k e r s  o r  by b r e a k i n g  o f f  s m a l l  s i d e  growths .  
The p roduc t fon  of  new low L/D w h i s k e r s  caused  t h e  we igh t  of  
s h o r t ,  unusab le  w h i s k e r s  t o  i n c r e a s e  s t e a d i l y  w i t h  s e p a r a t i o n  
t i m e  p a s t  s i x  h o u r s ,  

The we igh t  of  u s a b l e  s e p a r a t e d  w h i s k e r s  was o b t a i n e d  hy 
a v e r a g i n g  t h e  we igh t  of  w h i s k e r s  c o l l e c t e d  on s c r e e n s  w i t h  7 0 7 ,  
500,  and 298 micron mesh s i z e .  An a v e r a g e  of  48 p e r c e n t  of t h e  
o r i g i n a l  we igh t  o f  wh i ske r  m a t t  was c o l l e c t e d  on t h e s e  s c r e e n s  
a f t e r  s i x  t o  e i g h t  h o u r s  of  a g i t a t i o n .  

Length-to-Diameter  R a t i o  

The l e n g t h ,  c r o s s - s e c t i o n a l  a r e a ,  d i a m e t e r ,  L/D, and volume 
o f  each  w h i s k e r  measured a r e  g i v e n  i n  t a b l e  I. Lengths  ranged 
f rom 149 microns  t o  640 microns  and c r o s s - s e c t i o n a l  a r e a s  f rom 
0.29 t o  4 .85  s q u a r e  microns .  

Because f i b e r - c o m p o s i t e  s t r e n g t h  depends on volume p e r c e n t  
f i b e r  c o n t e n t ,  t h e  d e t e r m i n a t i o n  o f  a  r e p r e s e n t a t i v e  L/D a l s o  
s h o u l d  b e  made on t h e  b a s i s  of  volume, r e f e r e n c e  5. A f i b e r  of 
l a r g e  L/D, f o r  example, may b e  e q u i v a l e n t  i n  volume t o  s e v e r a l  
v e r y  s h o r t  L/D f i b e r s .  P l o t t i n g  t h e  d a t a  o f  t a b l e  I ,  a s  shown 
i n  f i g u r e  5 ,  it may b e  s e e n  t h a t  50 p e r c e n t  by volume of  t h e  
w h i s k e r s  had a n  L/D of  abou t  300 o r  g r e a t e r .  T h i s  v a l u e  was 
t a k e n  t o  b e  t h e  r e p r e s e n t a t i v e  L/D o f  t h e  s e p a r a t e d  w h i s k e r s ,  
From v i s u a l  o b s e r v a t i o n s  of  many samples ,  it was e s t i m a t e d  t h z t  
ove r  90 p e r c e n t  of  t h e  s e p a r a t e d  w h i s k e r s  had d i a m e t e r s  between 
0.7 and 2 .0  microns .  



T e n s i l e  S t r e n g t h  

The s e p a r a t e d  w h i s k e r s  were t e s t e d  i n  t e n s i o n  a t  room 
t e m p e r a t u r e  a l o n g  w i t h  t h e  as-grown w h i s k e r s .  The purpose o f  
t h i s  t e s t  was t o  de te rmine  whether  s m a l l  d i a m e t e r ,  uncoated  
w h i s k e r s  c o u l d  b e  s e p a r a t e d  and r e t a i n  t h e i r  i n h e r e n t  h i g h  
s t r e n g t h .  F i g u r e  6  shows t h e  t e n s i l e  d a t a  of  b o t h  s e p a r a t e d  
and as-grown w h i s k e r s .  Because t h e y  were manual ly  p lucked from 
t h e  m a t t ,  most of  t h e  as-grown w h i s k e r s  t h a t  were t e s t e d  were 
r a t h e r  l a r g e  d i a m e t e r  w h i s k e r s .  The s e p a r a t e d  w h i s k e r s  were 
s m a l l e r .  Both s e t s  of  d a t a  were p l o t t e d  i n  f i g u r e  6 and a  
l e a s t  s q u a r e  l i n e  drawn t h r o u g h  each s e t .  The s t r e n g t h  of t h e  
as-grown w h i s k s r s  v a r i e d  from 134,000 ~ / c m ~  (194,000 p s i )  ta 
1 ,285 ,000  N/cm (1 ,864,090 p s i )  w h i l e  t h e  s e p a r a t e d  whi skgrs  
v a r i e d  from 540,000 N/cm (783,000 p s i )  t o  1 ,175 ,000  N/em 
(1 ,704,000 p s i )  depending on c r o s s - s e c t i o n a l  a r e a .  The 
s t r e n g t h s  of t h e  s e p a r a t e d  w h i s k e r s  were w i t h i n  t h e  s c a t t e r  
band of t h e  as-grown whiske r  t e n s i l e  d a t a .  These d a t a  can h e  
used  a s  an i n d i c a t i o n  of  t h e  s u r f a c e  damage encoun te red  i n  t h e  
s e p a r a t i o n  p r o c e s s .  S i n c e  t h e r e  was l i t t l e  d i f f e r e n c e  i n  
s t r e n g t h  between as-grown and s e p a r a t e d  w h i s k e r s ,  it i s  reason-  
a b l e  t o  conclude  t h a t  l i t t l e  o r  no damage o c c u r r e d  d u r i n g  s e p -  
a r a t i o n .  

Meta l log raphy  

E l e c t r o n  micrographs  and s c a n n i n g  e l e c t r o n  micrographs  
were t a k e n  t o  s t u d y  t h e  s u r f a c e  topography  of  i n d i v i d u a l  
s e p a r a t e d  w h i s k e r s .  S e v e r a l  d e f e c t s  were found  which r e s u l t e d  
i n  a  b e t t e r  u n d e r s t a n d i n g  o f  wh i ske r  s i d e g r o w t h s  and t h e  i n h e r -  
e n t  n o t c h e s  t h e y  produce i n  as-grown w h i s k e r s .  A n o t c h  c r e a t e d  
by s e p a r a t i n g  a  s i d e  growth f rom t h e  main whi ske r  body i s  shown 
i n  f i g u r e  7.  Such n o t c h e s  would presumably c a u s e  s t r e s s  con- 
c e n t r a t i o n s ,  and would a lmos t  c e r t a i n l y  lower  t h e  s t r e n g t h  o f  
t h e  w h i s k e r s .  S i n c e  t h e  w h i s k e r s  would f a i l  p r e f e r e n t i a l l y  a t  
t h e s e  s i t e s ,  t h e  e f f e c t i v e  l e n g t h  of  t h e  whi ske r  would be  t h e  
l e n g t h  between n o t c h e s .  F o r t u n a t e l y ,  most s e p a r a t e d  w h i s k e r s  
obse rved  w i t h  t h e  s c a n n i n g  e l e c t r o n  microscope  d i d  n o t  e x h i b z t  
n o t c h e s .  The t r a n s p a r e n t  n a t u r e  o f  t h e  s i d e  growth r e l a t i v e  
t o  t h e  opaque main whi ske r  i n d i c a t e s  a  d i f f e r e n c e  i n  c r y s t a l  
o r i e n t a t i o n ,  f i g u r e  8. A p l a n e  of weakness would b e  e x p e c t e d  
a t  t h e  s i d e  growth of  t h e  as-grown whiske r .  

The p r e s e n c e  of  s i d e  growth s i t e s  t e n d s  t o  l i m i t  t h e  use- 
f u l  l e n g t h  o f  w h i s k e r s  t o  t h a t  l e n g t h  between t h e s e  s i t e s ,  
S i n c e  l a r g e  l e n g t h - t o - d i a m e t e r  w h i s k e r s  a r e  d e s i r e d ,  it i s  
i m p o r t a n t  t o  use  w h i s k e r s  w i t h  t h e  l o w e s t  number of  s i d e  g rowths  
p o s s i b l e .  Research  i n  growing w h i s k e r s  w i t h  a  minimum o f  s i d e  
growths  h a s  been l i m i t e d  t o  d a t e .  P r o d u c t i o n  of  aluminum o x i d e  
w h i s k e r s  w i t h  no s i d e  growths  would c o n s t i t u t e  a  d i s t i n c t  
advance i n  whi ske r  t echno logy .  



Observa t ions  on S e p a r a t i o n  Mechanism 

V i s u a l  o b s e r v a t i o n  of  t h e  a g i t a t i o n  of  t h e  whisker  matr 
samples l e d  t h e  a u t h o r  t o  t h e  f o l l o w i n g  b e l i e f s  concern ing  t h e  
mechanism of  whisker  s e p a r a t i o n .  S e p a r a t i o n  of whiskers  f r o v  
t h e  mat t  r e s u l t e d  i n  p a r t  from s h e a r i n g  f o r c e s  imposed by the 
l i q u i d  media on t h e  mat t  and i n  p a r t  by impact  of  t h e  mat t  
w i t h  t h e  s p i n  b a r .  The round shape and r e l a t i v e l y  s o f t  s u r f a c e  
of t h e  t e f l o n  c o a t e d  s p i n  b a r  minimized whisker  damage r s s u l t -  
i n g  from c o n t a c t  w i t h  t h e  b a r .  The low r o t a t i o n a l  speed o f  
t h e  s p i n  b a r ,  200 - 300 rpm, minimized t h e  f o r c e  of impact 
between t h e  whiskers  and t h e  s p i n  b a r .  I n  a d d i t i o n ,  t h e  
d e i o n i z e d  wa te r  a c t e d  a s  a  cushion t o  reduce  t h e  f o r c e  o f  impact 
between whiskers  a s  w e l l  a s  between t h e  whiskers  and t h e  s p i n  
b a r .  

SUMMARY OF RESULTS 

The f o l l o w i n g  r e s u l t s  were o b t a i n e d  from an i n v e s t i g a t i o n  
t o  develop a  p rocess  f o r  s e p a r a t i n g  s m a l l  c r o s s - s e c t i o n ,  s t r o n g  
whiskers  from t h e  as-grown mat t  w h i l e  r e t a i n i n g  maximum whisker  
l e n g t h  and minimizing s u r f a c e  damage: 

A method has  been developed t o  s e p a r a t e  s m a l l  d iamete r  
whiskeFs from t h e  as-grown niatt .  The method c o n s i s t s  
of  g e n t l y  a g i t a t i n g  t h e  whisker  m a t t s  i n  a  s o l u t i o n  of  
d e i o n i z e d  o r  d i s t i l l e d  wa te r  f o r  t i m e s  f rom s i x  t o  e i g h r  
hours .  E f f e c t i v e  s e p a r a t i o n  of  A 1  O3 wh iskers  was a t t a i n e d  
a l o n g  w i t h  t h e  r e t e n t i o n  of  h igh  wgisker  s t r e n g t h s  and 
r e l a t i v e l y  l o n g  whisker  l e n g t h s .  An average  of  48 p e r c e n t  
of t h e  o r i g i n a l  weight  of whisker  mat t  was s e p a r a t e d  by 
t h e  p r o c e s s  developed.  

2. The s e p a r a t i o n  p rocess  e f f e c t i v e l y  minimized s u r f a c e  
damage t o  w h i s k e r s ,  a s  i n d i c a t e d  by s i m i l a r  t e n s i l e  s t r e n g t h  
v a l u e s  of  as-grown and s e p a r a t e d  whiskers .  The room temper-  
a t u r e  t e n s i l 2  s t r e n g t h  of s e p a r a t e d  whiskers  y a r i e d  from 
540,000 ~ / c m  (783,000 p s i )  t o  1,175,000 N/cm (1,704,800 
p s i )  depending on t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  w h i s k e r s ,  
These t e n s i l e  v a l u e s  were w e l l  w i t h i n  t h e  s c a t t e r  band  f o r  
t h e  s t r e n g t h  of  t h e  as-grown whiskers  which sugges ted  
t h a t  l i t t l e  o r  no damage occur red  d u r i n g  s e p a r a t i o n ,  

3 .  A r e p r e s e n t a t i v e  l eng th - to -d iamete r  r a t i o  of  s e p a r a t e d  
whiskers  was approximate ly  300. It was e s t i m a t e d  t h a t  
over  90 p e r c e n t  of  t h e  s e p a r a t e d  whiskers  i n  t h i s  s t u d y  
had d i a m e t e r s  between 0 .7  and 2.0 microns.  



4. M e t a l l o g r a p h i c  ev idence  was p r e s e n t e d  s u g g e s t i n g  t h a t  
no tch  d e f e c t s  and s i d e  growths of as-grown whiskers  a r e  
i n h e r e n t  weak p o i n t s  i n  t h e  whisker .  Whiskers would be 
expec ted  t o  f a i l  a t  t h e s e  weak p o i n t s  d u r i n g  s e p a r a t i o n  
o r  when s t r e s s e d  i n  a composi te ,  t h e r e b y  l i m i t i n g  t h e  
e f f e c t i v e  f i b e r  l e n g t h .  
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TABLE I - WHISKER PARAMETERS CALCULATED FROM LENGTH 

AND CROSS-SECTIONAL AREA MEASUREMENTS., 

Cross-Sect ion  
Length Area Diameter  

(microns) (microns)  (microns)  L/D -. 

451 0.48 0.78 (Hex .) 580 

CvrnrnuLaf ive 
Volume V 0 L ~ s p l i ~  

(microns)  (percent) - 

107 EY. 7 
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WHISKER TENSILE STRENGTH VS CROSS-SECTIONAL AREA 

AS SEPARATED WHISKERS 
0 AS RECEIVED WHISKERS 

TENSILE 
STRENGTH, 

P S I  

1 r L E A S T  SQUARE LINE OF 
20 ,' AS SEPARATED WHISKERS 

10 r L E A S T  SQUARE LlNE OF 
8 AS RECEIVED WHISKERS 
6 

4 

2 

1 

1 2 4 6 8 10 20 40 60 100 200 400 600 1000 
CS-58304 WHISKER CROSS SECTIONAL AREA, v2 

F igu re  6 



SCANNaldu L L L  . d  l - ~ ~  I MICHt>GRAPH 
OF SIDE GROW1 v' DE F t 1 \IN Cl,C!3 WHISKER 

SCANNING t L E G 1  W t l N  lbn i  '[CIGRAPH 
OF SIDE GROWTH DEFECT o b i  a1203 WHISKER 




